The influence of the cobalt cation geometric environment on catalytic activity, namely, oxygen adsorption and its activation, was investigated by exploring two groups of systems. The first group was formed by cobalt cation complexes, in which the Co 2+ was surrounded by water-H2O or acetonitrile-CH3CN solvent molecules. This represents heteropolyacids salts (ConH3-nPW(Mo)12O40), where the Co 2+ acts as a cation that compensates for the negative charge of the Keggin anion and is typically surrounded by solvent molecules in that system. The second group consisted of tungsten or molybdenum Keggin anions (H5PW11CoO39 and H5PMo11CoO39), having the Co 2+ cation incorporated into the anion framework, in the position of one addenda atom. Detailed NOCV (Natural Orbitals for Chemical Valence) analysis showed that, for all studied systems, the σdonation and σ-backdonation active channels of the electron transfer were responsible for the creation of a single Co-OO bond. Depending on the chemical/geometrical environment of the Co 2+ cation, the different quantities of electrons were flown from the Co 2+ 3d orbital to the π* antibonding molecular orbitals of the oxygen ligand, as well as in the opposite direction. In molybdenum and tungsten heteropolyacids, modified by Co 2+ in the position of the addenda atom, activation of O2 was supported by a π-polarization process. Calculated data show that the oxygen molecule activation changed in the following order: H5PMo11CoO39 = H5PW11CoO39 > Co(CH3CN)5 2+ > Co(H2O)5 2+ .
Introduction
The acid-base and redox properties of heteropoly compounds (POM-PolyOxoMetalate) are particularly attractive from a catalytic and research point of view [1] [2] [3] . In recent years, in addition to commonly used 12-tungsto and 12-molybdo-phosphoric acids and their salts, systems modified by transition metal cations have been used [4] [5] [6] . The transition metal cation may be introduced into the heteropoly compounds in a position of compensating/counter cation, central ion/heteroatom or addenda atom(s). Depending on its location in the geometric structure, new elements may discern acidic and/or oxidizing properties.
One of the elements commonly used in POM modification is cobalt, and the catalysts obtained in this way are successfully used in many different catalytic reactions . Keggin-type catalysts, with a cobalt cation (Co 2+ ) in the position of the central ion, were tested in catalytic reactions, primarily as an acid (H6CoW12O40) [7, 8] or as salts, e.g., potassium (K5CoW12O40*3H2O) [9] [10] [11] [12] . The acid properties of the systems were tested in reactions, such as: MTBE (Methyl tert-butyl ether) synthesis [7] , decomposition of isobutyl propionate (IBP) [8] , acetylation of alcohols and phenols [9] , deprotonation of THP (Tetrahydropyranyl) esters [10] , alcoholysis and acetolysis of epoxides, and conversion of epoxides to thiiranes [11] , and formation of 1, 3-dioxolanes from epoxides [12] . Since the change in the central ion position results in the change in the oxidizing potential of the heteropoly anion [1, [13] [14] [15] , CoW12O40 6− systems were successfully used in the oxidation of benzol alcohol [16] .
A review of the literature shows greater attention given to systems where the cobalt cation (Co 2+ ) occupies the position of the addenda atom . Modified systems, usually synthesized as various salts, as well as the comparison with systems modified by other transition metals, were tested in oxidation reactions in the presence of hydrogen peroxide [17] [18] [19] [20] [21] [22] , molecular oxygen [23] [24] [25] [26] [27] [28] , air [29] [30] [31] [32] [33] , iodosylarenes [35, 36] , or t-butyl hydroperoxide [37, 38] . Cobalt-modified Keggin heteropolyanin exhibits high catalytic activity and selectivity in processes such as oxidation of cyclohexane [26, 27, 35, 37, 38, 40] , esterification of n-butanol [25, 39] , epoxidation of olefins (cyclohexane, 1-hexene, norbornene, cyclooctene) [25] , phenol oxidation [23] , oxidation of methyl isobutyrate [24] , oxidation of alpha-pinene [40] , oxidation of alcohols 2-propanol [19] and hexanol [20] , and lactonization of diols [22] .
Cobalt heteropolyacids salts, where Co 2+ occupies the position of the counter cation in the secondary structure of heteropoly compounds, were tested in the oxidation reaction. As shown by experimental data, the electronegativity of the counter-cations is very important in determining the reduction potentials of HPAs (Heteropolyacids). Pamin et al. [41] examined the aerobic oxidation of cyclooctane of free and chitosan-supported cobalt 12-tungstophosphates and 12molybdophosphates, showing that the introduction of Co 2+ cations into the PW12O40 3− HPA causes a significant increase in its oxidizing power, whereas the same cation introduced into the PMo12O40 3− system minimally increases its oxidizing abilities. Karcz et al. [42] compared heteropolyacid systems, modified by a cobalt cation in the position of the central ion and addenda atom, which showed that both cobalt locations and the chemical character of other addenda atoms factor into the catalytic activity of the aerobic liquid-phase oxidation of cyclooctane.
In recent years, the ability of heteropoly systems, modified by transition metal, to form complexes with CO2 has been studied. As shown by Chen et al. [43] and Yasada et al. [44] , the highest catalytic activity was derived from systems modified by the Co 2+ cation. In addition, the Szczepankiewicz [45] studied systems, where Co 2+ was located in various heteropoly anions, namely the alfa-Keggin (XW11O39TM), alfa1/alfa2-Dawson (P2W17O61TM), and Weakley and Finkey (P2W18O68Co4) showed that the ability to bind the CO2 molecule strongly depended on the geometric environment of the cobalt cation.
The theoretical calculations concerning this topic are rather poor [46] [47] [48] . Zhang and Maestre [46, 47] studied the thermal stability and redox properties of the CoW12O40 5− alpha/beta Keggin anion. In Reference [48] , the scope of the research was extended to Co 3+ systems, in which the cobalt cation replaces the central ion and one of the addenda atoms in tungsten Keggin anions. For the studied systems, several lower-lying electronic states, as well as a vibrational analysis, were calculated. In our previous calculations [42] , the effect of cobalt location in Keggin-type heteropoly acts as a catalyst for the aerobic oxidation of cyclooctane.
The aforementioned examples indicate that the location of the transition metal cation in the structure of the heteropoly systems had a significant bearing on the resulting catalytic properties. Therefore, the present paper describes our findings concerning the role of geometric structure on the catalytic properties of Co 2+ cation, in the process of oxygen adsorption and its activation on the metal center. Using theoretical methods, both processes were tested using two groups of cobalt modified systems. The first group was formed by cobalt cation complexes, where the Co 2+ cation is surrounded by water (H2O) or acetonitrile (CH3CN) solvent molecules. This represents heteropolyacids salts (ConH3−nPW(Mo)12O40), where the Co 2+ acts as a cation that compensates for the negative charge of the Keggin anion, and which is typically surrounded by solvent molecules. The second group consisted of tungsten or molybdenum Keggin anions (H5PW11CoO39 and H5PMo11CoO39), having the Co 2+ cation incorporated in the position of one addenda atom. The purpose of the presented calculations is to explain the mechanism of the interaction of cobalt-oxygen complexes in the vicinity of various ligands. The calculations do not take into account the stability of complexes with various ligands and the energy of the ligand exchange process. These issues will be the subject of a separate publication (in preparation), where cobalt complexes will be compared with other transition metal complexes. From the literature and our unpublished calculations, it follows that some ligands, especially those containing nitrogen moieties, favor the exchange with the O2 molecule [49, 50] . Our unpublished calculations of HPA complexes show that, e.g., water and acetonitrile are not exchanged with the O2 molecule, but are exchanged with OOH or H2O2.
Results and Discussion
The optimized geometries, obtained as a result of the interaction between the oxygen molecule and the studied systems, are shown in Figure 1 . Table 1 presents the theoretical parameters describing the metal-oxygen (Co-O) and oxygen-oxygen (O-O) bonds, namely the bond distance, d [Å], and Mayer bond order indexes, BO [51, 52] . In addition, in the first row, the binding energy, ΔEB [kJ/mol], which was calculated for the processes (1-3) presented below is summarized.
Co(H2O)5 2+ + O2 = OO-Co(H2O)5 2+ (1).
. Binding energy, presented in Table 1 (first row), shows that all studied systems exhibit the ability to adsorb molecular oxygen. The calculated EB values show that adsorption of the O2 molecule is more energy efficient on cobalt cation introduced in tungsten/molybdenum Keggin anions than in the cobalt cation surrounded by both (water/acetonitrile) types of solvent molecules.
In all systems, molecular oxygen adsorbs on the cobalt center in a side-on geometry, and the result of this adsorption is that the formation of a single Is the mechanism of activation the same for all studied systems? To answer this question, the NOCV method, carried out at a spin resolution (SR), was used. All the studied systems had to be divided into two fragments, between which of the Co-OO bonds are formed. The first fragment contained the cobalt cation with its geometric environment (HPW11Co/HPMo11Co Keggin anions and Co(H2O)5 2+ /Co(CH3CN)5 2+ complexes), and the second contained the oxygen molecule (O-O). Defining the multiplicity of all fragments and the whole system was another step taken prior to performing the NOCV-SR (Natural Orbitals for Chemical Valence in Spin Resolution) analysis. Taking into consideration the abovementioned calculations, it was stated that multiplicity for every cobaltcontaining fragment is 2 (before and after adsorption of O2) and the multiplicity of the oxygen molecule is a triplet (oxygen molecule behaves as paramagnetic).
We begin the discussion with the Co(H2O)5 2+ -OO complex. Figure 2 presents four (2a,b,d,e) NOCV contours, describing the bond between the cobalt cation and O-O ligand in the Co(H2O)5 2+ -OO complex. Considering that NOCV can be grouped in pairs of complementary orbitals, corresponding to the same eigenvalue with the opposite sign [53] , the Co-OO bond can be described by two (2a2b and 2d2e) pairs of complementary NOCVs.
As shown in Figure 2 , both pairs (ϕ1αϕ-1α and ϕ1βϕ-1β) exhibit σ character, and each NOCV contains a contribution from both fragments (Co(H2O)5 2+ and OO molecule). Generally, all NOCVs are built from anti-bonding (π*) oxygen orbitals and 3d orbitals from the cobalt atom as well as the 2p orbitals of oxygen atoms from water molecules. The orbitals ϕ-1α and ϕ-1β exhibit anti-bonding characteristics, whereas the second orbital pairs are clearly a σ-bonding orbital, localized predominantly in the bond region. The contribution from the first pair of orbitals to the deformation density, Δ1 α ρ(r) (Figure 2c ), clearly shows that this pair of orbitals participates in the process of donation from the O-O molecule to the cobalt complex. Analysis of eigenvalues shows that oxygen losses are 0.74 e, while the cobalt complex gains 0.74 e in this process. In contrast, the contributions from the second pair of complementary NOCVs to the deformation density Δ1 β ρ(r) (Figure 2f ), corresponds to the backdonation process from the Co(H2O)5 2+ complex to the O2 molecule. The second pair (ϕ1βϕ-1β) is characterized by |ν| = 0.76 and describes the process of 0.76 electron inflow to antibonding oxygen orbitals. Identical analysis was carried out for the Co(CH3CN)5 2+ -OO system (Figure 3 ). Similar to the previous system, the bond between the cobalt complex and oxygen molecule describes the two pairs of complementary NOCV (Figure 3a -b,3d-e), both (ϕ1αϕ-1α and ϕ1βϕ-1β) with σ symmetry. The first pair (ϕ1αϕ-1α) describes the transfer from the oxygen ligand to the cobalt complex, whereas the second pair (ϕ1βϕ-1β) of NOCV participates in the backdonation process, in which electrons transfer from the cobalt complex to the anti-bonding oxygen orbitals. The obtained eigenvalues (|ν| = 0.40 characterize the donation process ( Figure 3c ) and |ν| = 0.51 for backdonation ( Figure 3f) ) show that the backdonation process is predominated in the overall deformation density Δρ(r). Detailed analysis of NOCV contours show that not only the oxygen atom and metal ion participate in the formation of Co-O bond, but also nitrogen atoms from acetonitryle solvent molecules. Preliminary analysis of the HPW11Co-O2 and HPMo11Co-O2 systems show that the quality description of the interaction between the O2 molecule with cobalt-modified tungsten and molybdenum heteropolyacids is identical. Thus, Figure 4 presents the contours of NOCV and the contribution to the deformation density for both W(Mo)Co systems, while the differentiating electron flow data are given in Table 2 .
In contrast to the presented cobalt complexes, the bond between molecular oxygen and HPW11Co/ HPMo11Co systems is described by three pairs, which are complementary to NOCVs. Two pairs (ϕ1αϕ-1α and ϕ1βϕ-1β) exhibit σ character, whereas the third one (ϕ2βϕ-2β) is characterized by orbitals with π symmetry. As shown in Figure 4 , the formation of the Co-OO bond participates not only the orbitals of adsorbed 2p oxygen and 3d cobalt orbitals but also the 2p orbitals of the oxygen atoms from the Keggin framework (the orbitals of internal (Oa) and bridging (Ob, Oc) oxygen atoms). Detailed analysis of NOCV contributions to the deformation density shows that orbitals from the first pair of NOCVs participate in donation from adsorbed O2 to the Keggin anion, where the cobalt cation is introduced. The negative contribution (outflow of electrons) is localized on the oxygen orbitals, and positive changes (increase in the number of electrons) are visible on the Keggin anion (primarily on the cobalt cation and its surroundings). The second pair of NOCV describes the backdonation process, in which electrons flow from the Keggin anion to the ligand orbitals (adsorbed molecular oxygen). The third active electron channel shows the internal polarization inside the adsorbed oxygen molecules, which can be described as a π donation from the Keggin skeleton to the oxygen molecule. Calculated eigenvalues describe the electron flow between two defined fragments (HPW11Co/HPMo11Co and the O-O molecule), the result of which is the creation of the Co-OO bond, as seen from Table 2 . Calculated data are very similar for both tungsten and molybdenum systems. α electrons a,b and for β electrons d,e,g,h) and the contribution to the deformation density Δρ(r) (c,f,i) originated from the pairs of complementary of NOCV, characterizing the bond between the HPW(Mo)11Co fragment and OO ligand. The |Δρ| = 0.05 a.u. contours are shown. White orbitals describe the outflow, and purple describes the inflow of electrons. Table 2 . NOCV-eigenvalues describe the σ-donation, σ-backdonation, and π-polarization processes observed as a result of the interaction between the studied systems and the O2 molecule.
System
Co ( The data presented in Table 2 clearly show that, in all studied systems, the formation of the Co-OO bond is the result of several processes, in which two processes dominated: (a) The donation from ligand to the metal center, and (b) the backdonation from metal to the oxygen ligand. Interaction between the oxygen molecule and cobalt center, introduced in the Keggin anion, is additionally supported by polarization inside the oxygen molecule. The obtained eigenvalues show that the sum of the electron flow in donation and backdonation processes are similar for all studied systems, except for the water complex Co(H2O)5 2+ . Another parameter differentiating the systems is the observed polarization in HPW11Co and HPMo11Co systems.
Activation of the oxygen molecule, observed in NOCV analysis, can be confirmed by calculations of the IR spectra. The values of stretching O-O bond frequencies, before and after adsorption on the cobalt center, in different geometrical surroundings, were analyzed. The obtained values are presented in Table 3 . In all cases, the lowering of the stretching O-O bond frequencies was observed in the direction of longer wavelengths (redshift), relative to the position defined for the isolated O2 molecule (1555 cm −1 ). The obtained values show that the strongest O-O activation (the largest redshift) is observed for the Co 2+ cation built into the Keggin heteropolyacid. The values obtained for tungsten and molybdenum system are close to each other (redshift in HPMoCo is slightly bigger than in the case of HPWoCo). The weakest activation is observed after adsorption of O2 on the Co 2+ cation in water complexes. The obtained data confirmed, (obtained using the NOCV analysis theoretical parameters such as bond length and bond orders), that the activation of oxygen molecule adsorbed on Co 2+ , built into the Keggin heteropolyacid, is stronger than after adsorption on Co 2+ complexes with solvent (water/acetonitrile) molecules. The obtained results, by differentiating the Co(CH3CN)5 2+ and HPW11Co/HPW11Co systems (for which almost identical electron flow values were obtained in the donation and backdonation processes) indicate the role of the polarization process, which was only observed in systems with cobalt cation embedded in the Keggin anion.
Methods
The oxidation ability of the Co 2+ cation was investigated with the DFT (Density Functional Theory) method (package Turbomole) [54] using a cluster model. The exchange and correlation energies were calculated using the Becke-Perdew-Ernzerhof (PBE) functional [55] [56] [57] , where all electron basis sets of def-TZVP quality were used. The relativistic effects are already noticeable for post 3d elements; therefore, it is better to use effective core potentials (ECPs) with relativistic corrections, instead of all electron basis sets [58] . The resolution of identity (RI) approach was applied for computing the electronic Coulomb interactions [59, 60] . For all studied species, the calculations were performed for all possible spin states, and the one with the lowest energy was chosen for further investigation.
All structures were optimized as a spin unrestricted open-shell system. Geometry optimization was performed in accordance with the quasi-Newton-Raphsod method [61] . Geometry was considered converged for the following conditions: (a) The energy change between two optimization cycles drops below 10 −6 a.u., (b) the maximum displacement element drops below 10 −3 a.u., and the maximum gradient element drops below 10 −3 a.u.
To characterize the process of bond formation between the metallic center (Co 2+ ) and oxygen molecule, Natural Orbital Chemical Valences in Spin Resolution (NOCV-SR) was performed [53, [62] [63] [64] . Natural orbitals for the chemical valence were defined as the eigenvectors of the chemical valence operator of the Nalewajski-Mrozek theory:
with the valence operator given by a matrix
where ΔP corresponds to a difference between the charge-and-bond-order matrices of a molecule and promolecule (set of isolated atoms, or molecular fragments, ligands, etc.). It has been found that NOCV leads to a very compact description of the fragment-ligand bond, with only a few orbitals exhibiting non-zero eigenvalues. The results of the NOCV analysis allow for the separation of the σ, π donation, and backdonation contributions to the ligand-fragment bond. They can also be useful in the comparison of these contributions in different complexes.
For theoretical modeling, three geometric structures (see Figure 5a -c) were taken into consideration. The first two geometries (see Figure 5a ,b) represent a simplified structure, in which the cation is surrounded by five solvent (H2O or CH3CN) molecules, creating the Co(H2O)5 2+ and Co(CH3CN)5 2+ complexes, with a total charge equal to +2 (as a result of the Co 2+ charge and neutral water/acetonitrile molecules). Both models were used to show the influence of the solvent environment on the oxidation ability of Co 2+ in the system, where the cobalt cation plays the role of a counter cation. The third geometry (Figure 5c ) presents the Keggin anion, where one of the tungsten or molybdenum atoms (W/Mo), from the anion framework, was replaced by the Co 2+ cation. This model represents the H5PW11CoO39 (referred as a HPW11Co) and H5PMo11CoO39 (referred as a HPMo11Co) systems, modified in the addenda atom position. The total charge of that modified heteropolyacid is zero, since the global heteropolyanion charge (−5) was compensated by 5 hydrogen atoms. This model may show how the properties of Co 2+ depend on the chemical composition (tungsten/molybdenum) of the Keggin anion. The comparison of the models, with each other, allows for the determination of the effect of geometry on cobalt's ability to adsorb and activate oxygen molecule. 
Conclusions
This article examines the chemical environmental role in the oxidizing capacity of Co 2+ located in different geometrical environments. For this purpose, H5PMo11CoO39, H5PW11CoO39, Co(H2O)5 2+ , and Co(CH3CN)5 2+ systems were examined.
It has been shown that both the adsorption and activation process of the molecular oxygen molecule depend on the environment in which the cobalt is found. Adsorption energy for bonding O2 onto the Co 2+ center is much higher in the case of the modified heteropolyacids systems (H5PMo11CoO39, H5PW11CoO39) than in complexes with solvent molecules (Co(H2O)5 2+ and Co(CH3CN)5 2+ ). Both electronic (bond order) and geometrical (bond length) parameters imply that the activation process of the oxygen molecule is stronger in the molybdenum and tungsten modified heteropolyacids (H5PMo11CoO39, H5PW11CoO39) than in both solvated systems (Co(H2O)5 2+ and Co(CH3CN)5 2+ ).
Detailed NOCV-SR analysis shows that, for all studied systems, the σ-donation and σbackdonation active channels of electron transfer are responsible for the creation of a single Co-OO bond and the activation of the oxygen molecule. Depending on the chemical/geometrical environment of the Co 2+ cation, different quantities of electrons are flown from the 3d cobalt orbitals to the π* antibonding molecular orbitals, as well as in the opposite direction. In the modified molybdenum and tungsten heteropolyacids, activation of the O2 molecule is supported by a πpolarization process.
The calculated redshift values confirmed that the ability of Co 2+ ion for adsorption and activation of the oxygen molecule changes in the following order: H5PMo11CoO39 = H5PW11CoO39 > Co(CH3CN)5 2+ > Co(H2O)5 2+ . The obtained theoretical results show that the cobalt cation acts as an addenda atom (introduced in the primary structure of HPA), which is more likely to activate the molecular oxygen molecule than a compensating cation (in the secondary structure of HPA, in the solvent environment). The process of oxygen activation is easier when oxygen is adsorbed on the cobalt center introduced into the Keggin anion, where the large environment of the metal center may create a reservoir of electron outflow/inflow. 
Conflicts of Interest:
The authors declare no conflict of interest.
